Introduction
============

Currently, wild-type as well as recombinant oncolytic viruses (OVs) are intensely investigated as novel biological agents for the treatment of cancer. The basic principle of this virotherapeutic treatment modality is the selective infection of cancerous tissues while leaving healthy tissues unharmed. Within the infected tumor cells, virotherapeutics are now able to potently replicate, which ultimately leads to massive tumor cell lysis (oncolysis), and an intense danger signal and stimulus to the immune system by a concomitant release of both tumoral as well as viral antigens. Subsequently, newly released progeny virotherapeutics are capable of targeting uninfected neighboring or distant tumor cells which results in an infinite number of oncolytic cycles and the eradication of all tumorous tissues. If this process of direct and rapid tumor eradication (within weeks) on its own is not efficient enough, it is anticipated that stimulation of the immune system would lead to a long-lasting anti-tumoral immune response within a number of months.

Despite its promising potential in targeted anti-cancer therapy not one monotherapeutic application of OVs (applied without combination partners) has been approved in the western hemisphere so far. This is due to the fact that current oncolytic monotherapies have demonstrated success in single patients,[@b1-ov-4-039] but have failed to show any significant clinical benefit for the majority of virotherapeutic treated cancer patients. This is not unsurprising, as single agent treatments of cancers have rarely been found to result in a deceleration of tumor progression or even lasting reduction of tumor masses. This clearly indicates the existence of primary as well as secondary adapted resistance to the large array of virotherapeutic vector families currently being clinically evaluated. In this context, tumor cell subpopulations evolve in the course of monotherapeutic regimens (such as oncolytic virotherapy), armed with distinct genetic alterations that render them not only i) resistant to common virotherapeutic agents, but also ii) cross-resistant to other virotherapeutic compounds and furthermore, iii) concealing them against any initially induced anti-cancer immune response.

In contrast, most preclinical data suggest that virotherapy can be ideally combined with other treatment options, such as chemotherapy.[@b2-ov-4-039] Combinatorial treatment regimens exhibit diverse mechanisms of action and thereby more often constitute a successful approach to overcome such resistance mechanisms. Beyond that, potential synergistic interactions between the combined agents permit possible dose reductions of the applied agents, both to a less toxic as well as, and importantly, to a less costly degree. Current clinical data suggest that combining OVs with already approved chemotherapeutic treatment modalities might be an important key in unlocking the true potential of virotherapeutics while preventing the induction of resistance mechanisms. Since the mechanism of action of OVs is believed to be mostly immunotherapeutic in nature, two prerequisites are postulated for success of this novel biological cancer therapy approach: i) when starting virotherapy, overall tumor masses should be low (since immunotherapy can take months to be effective and more likely works in patients with stabilized tumor diseases) and ii) there is an urgent necessity for balancing/curbing especially rapidly growing tumors, preferably already prior to the onset of the virotherapeutic treatment. Both prerequisites often can be achieved by modern chemotherapies, particularly in first line scenarios.

This review primarily focusses on the rare clinical studies in which the concepts of chemotherapy and virotherapy have to date been combined ([Figure 1](#f1-ov-4-039){ref-type="fig"}), leading to an early classification of chemovirotherapeutic combination regimens. In this approach, we specifically paid attention to chemovirotherapeutic combinations employing standard-of-care chemotherapeutics, tyrosine kinase inhibitors and monoclonal antibodies, while excluding non-standard regimens (comprising prodrug-activating enzymes, vaccine-driven approaches, and epigenetic agents or other small molecules).

Current state of clinical chemovirotherapeutic trials
=====================================================

To date, only a small number of clinical trials involving the combination of standard chemotherapy with virotherapeutic agents (chemovirotherapeutic regimens), have been completed and published; the majority are either finished and not yet published, ongoing, or still in their recruitment or planning phases ([Tables 1](#t1-ov-4-039){ref-type="table"}[](#t2-ov-4-039){ref-type="table"}--[3](#t3-ov-4-039){ref-type="table"}). Some virotherapeutic agents used in these chemovirotherapeutic trials have therefore reached a more advanced stage, in both translational development and clinical testing, which can be mainly attributed to the onset of vector construction as well as the respective history of preclinical development. Since monovirotherapeutic approaches employing vectors of adeno- and herpesvirus origin are by far the ones most extensively used in clinical practice, they also represent the largest fraction in our array of already completed and published clinical trials performed in this specific combinatorial (ie, chemovirotherapeutic) setting. Due to the encouraging data from a Phase II study with reovirus applied in head and neck cancer patients,[@b3-ov-4-039] the chemovirotherapeutic combination of reovirus with carboplatin and paclitaxel is currently the only one which has reached the status of a Phase III trial (REO 018). This study has recently been completed and shows some interesting results, albeit final data for overall survival (OS) are still awaited.[@b4-ov-4-039]

Virus families evaluated in early clinical trials (Phase I studies)
===================================================================

An overview on completed and currently ongoing chemovirotherapeutic Phase I trials is given in [Table 1](#t1-ov-4-039){ref-type="table"} sorted by corresponding virus families. These Phase I trials primarily aim at obtaining knowledge on vector safety profiles as well as optimized dosing regimens. While the preclinical evidence seen in tumor cell culture, immunodeficient and more importantly immunocompetent animal tumor models strongly suggests the benefit of combinatorial chemovirotherapeutic regimens, only a small number of these preclinically defined schedules have made it to the bedside so far. In fact, each vector/virus family and moreover each single chemovirotherapeutic Phase I protocol faces its own/specific difficulties collecting sufficient clinical evidence to move forward to Phase II.

Adenovirus-based chemovirotherapeutic regimens
----------------------------------------------

Combination protocols incorporating adenovirus-based virotherapeutics (adenovirotherapeutics) were the first to enter the clinical stage and therefore faced the pioneering task of responding to concerns about safety and tolerability of this combinatorial approach, as well as to demonstrate the clinical benefits of chemoadenovirotherapeutic regimens. Currently the most prominent vector system (and also the first virus applied in a combinatorial chemoadenovirotherapeutic setting) is ONYX-015; an adenovirus exhibiting a deletion in the E1B 55-kDa gene.[@b5-ov-4-039] Phase I trials of ONYX-015 in patients with gastrointestinal tumors metastatic to the liver,[@b6-ov-4-039] unresectable pancreatic carcinoma,[@b7-ov-4-039] and advanced sarcomas[@b8-ov-4-039] were the first to show positive results from this approach and exhibited no enhanced toxicity profiles from combinatorial treatments. These approaches have therefore rapidly moved forward to Phase II trials[@b9-ov-4-039],[@b10-ov-4-039] and now put the primary focus on the read-out of anti-tumoral efficiencies.

Since all of these early adenovirotherapeutic Phase I/II trials applied ONYX-015 either locally or regionally (not systemically) to tumor tissues (via intratumoral injection or by intra-arterial injection into the hepatic artery), one of the next tasks would have been to prove the safety of systemic application regimens to more efficiently affect and eliminate distal metastases and, broaden the spectrum of treatable tumor entities. However, when a Phase III trial incorporating ONYX-015 was dropped in 2003, in part to devote its resources to a more conventional drug which then was awaiting approval from the US Food and Drug Administration (FDA), further clinical development on this particular agent was stopped.

In a next step of further development of adenovirus-based chemovirotherapeutic regimens the intratumoral application of H101, a vector being quite similar to ONYX-015,[@b11-ov-4-039] received marketing approval in the People's Republic of China in 2005.[@b12-ov-4-039] Notably, Phase II/III[@b13-ov-4-039],[@b14-ov-4-039] trials demonstrated an enhanced anti-tumor effect of H101 in combination with cisplatin and 5-fluorouracil (5-FU) compared to standard chemotherapy with cisplatin and 5-FU alone, for the treatment of patients with head and neck cancer. However, the results for survival and clinical benefit were not adequately collected.[@b12-ov-4-039] To date H101 still represents the only approved viral agent globally, but is currently only in use in the People's Republic of China. No other chemovirotherapeutic regimens incorporating novel adenoviral vector systems have found their way into the clinic.

Only recently, combinations with refined adenoviral vectors such as ColoAd1, DNX1401, and VCN-01 entered the stage of early clinical development ([Tables 1](#t1-ov-4-039){ref-type="table"} and [2](#t2-ov-4-039){ref-type="table"}). They are now being assessed for their safety and more importantly their clinical benefit compared to current monotherapeutic virotherapies, as well as their improved clinical outcomes and potential to supersede previously investigated combinatorial treatment regimens.

Herpes simplex virus (HSV)-based chemovirotherapeutic regimens
--------------------------------------------------------------

Numerous preclinical studies have been performed combining different vector constructs of the HSV virus family with a plethora of different chemotherapeutic agents (recently reviewed by Kanai et al).[@b15-ov-4-039] The evidence of synergistic interactions seen in many preclinical chemovirotherapeutic protocols seems to be overwhelming. However, only a few of these preclinical regimens have so far reached the stage of clinical evaluation.

One of the viral agents currently under clinical investigation in Phase I/II trials is NV1020 which is infused directly into the hepatic artery prior to second-line chemotherapies in patients exhibiting advanced liver-dominant metastatic colorectal cancer (mCRC).[@b16-ov-4-039],[@b17-ov-4-039] In these trials, in which the chemotherapeutic agents were given only after NV1020 was applied via hepatic artery infusion (either as a single-shot[@b17-ov-4-039] or by four weekly doses),[@b16-ov-4-039] additional benefits of the chemovirotherapeutic combination were observed leading to the conclusion that NV1020 stabilizes liver metastases in mCRC with minimal toxicity. Carcinoembryonic antigen (CEA) levels, correlating with tumor regression, dropped further[@b17-ov-4-039] and the overall clinical control rate could be pushed from initially 50% to 68% after second-line chemotherapy.[@b16-ov-4-039]

Another HSV-based virotherapeutic is talimogene laherparepvec[@b18-ov-4-039] (T-VEC, OncoVEX), which represents one of the most clinically advanced approaches of mono(viro)therapy. Results from a completed Phase III trial treating advanced stages of melanoma were able to confirm the expectations. The T-VEC virotherapeutic is currently undergoing FDA and European Medicines Agency approval for monovirotherapy.[@b19-ov-4-039] Interestingly, the chemovirotherapeutic combination of neoadjuvant T-VEC with cisplatin, radiation and ultimately radical neck dissection (6--10 weeks after the chemovirotherapeutic protocol) in patients with head and neck cancer[@b20-ov-4-039] initially resulted in a radiologic response rate of 82%, while the pathologic complete response rate after neck dissection was 93%. Therefore, T-VEC is expected to be developed further for chemovirotherapeutic application regimens.

A Phase Ib/II trial in melanoma patients combining T-VEC with the checkpoint blockade inhibitor ipilimumab is currently ongoing. Preliminary Phase Ib results, published at the 2014 American Society of Clinical Oncology annual meeting,[@b21-ov-4-039] indicate higher response rates for this immunovirotherapeutic approach than with either agent alone. Therefore, the results of the ongoing Phase II part of this combinatorial study are eagerly awaited. Future chemovirotherapeutic regimens with ipilimumab as a further add-on are under development.

Reovirus-based chemovirotherapeutic regimens
--------------------------------------------

Reolysin (recently reviewed by Clements et al)[@b22-ov-4-039] contains a naturally occurring, ubiquitous, non-enveloped human reovirus strain which replicates in KRAS-mutant cells resulting in profound tumor cell lysis.[@b23-ov-4-039] In a recent Phase I dose escalation study, a standard FOLFIRI (folinic acid (leucovorin) + 5-fluorouracil + irinotecan) chemotherapy regimen was administered parallel with escalating Reolysin doses in patients with KRAS-mutant mCRC.[@b24-ov-4-039] As a result, the chemovirotherapeutic combination of FOLFIRI and Reolysin was found to be safe and resulted in disease control in the majority of patients, including those who previously progressed on irinotecan.[@b24-ov-4-039] Due to these encouraging results, additional studies are planned.

Vaccinia virus-based chemovirotherapeutic regimens
--------------------------------------------------

Due to its role in the worldwide smallpox eradication program Vaccinia virus represents the vaccine virus with the longest clinical use and therefore the largest clinical experience. In cancer treatment the clinically most advanced members of this virus family (recently reviewed by Guse et al)[@b25-ov-4-039] are JX-594 (Pexa-Vec), encoding for the immunomodulatory cytokine GM-CSF,[@b26-ov-4-039] and GL-ONC1 (also known as GLV-1h68), encoding for multiple marker genes.[@b27-ov-4-039] The combination of JX-594 with the oral multiple kinase inhibitor sorafenib in patients with hepatocellular carcinoma was investigated first in a pre-Phase I evaluation,[@b28-ov-4-039] later on in a Phase II setting finally leading to the current design of a Phase III trial in which Pexa-Vec application will be followed by sorafenib in the first-line treatment of patients with advanced hepatocellular carcinoma.[@b29-ov-4-039] This study is expected to start recruitment by mid-2015.

Another Phase I trial currently investigates GL-ONC1 in combination with cisplatin and radiation in patients with locoregional advanced head and neck cancer. According to a recent publication of first data, delivery of GL-ONC1 was found to be safe and feasible in 12 patients with advanced head/neck cancer undergoing standard chemoradiotherapy plus virotherapy.[@b30-ov-4-039] However, further studies are needed to determine the optimal dosing schedule for future Phase II testing.

Chemovirotherapeutic regimens tested in Phase II studies
========================================================

[Table 2](#t2-ov-4-039){ref-type="table"} represents an overview of the tumor entities which so far have been addressed by combinatorial chemovirotherapeutic treatment regimens in more advanced (ie, Phase II) settings.

Most of these chemovirotherapeutic Phase II trials encompass tumor entities with high medial need (such as malignant melanoma, pancreatic cancer, or ovarian cancer with peritoneal carcinomatosis), that are associated with unsatisfactory current standard of care therapies and result in poor survival rates and severe side effects due to the use of highly genotoxic compounds. Other chemovirotherapeutic Phase II trials focus on tumor entities that affect a high number of patients ("high volume" cancer diseases, such as breast, colorectal, and lung cancer) which are recognized "traditionally" as major targets of experimental cancer drug development.

While most of the completed Phase II trials displayed in [Table 2](#t2-ov-4-039){ref-type="table"} utilized combinations of the adenoviral vectors ONYX-015 or H101 with different chemotherapeutic agents (n=5/9; recently reviewed by Chen et al),[@b31-ov-4-039] two thirds of currently ongoing Phase II trials represent combination regimens employing reovirus (n=7/11). The combination protocol of carboplatin and paclitaxel (n=3/7) used in these chemovirotherapeutic trials was derived from data from an earlier Phase I/II trial in which diverse types of cancer (Phase I) and later patients exhibiting a single tumor type (head and neck cancer; Phase II) were treated.[@b3-ov-4-039] The results from the Phase II trials resulted in the implementation of a chemovirotherapeutic Phase III trial (REO 018), and Phase II trials addressing melanoma, pancreatic, and lung cancer patients were initiated in the hope of treating other tumor entities equally if not more successfully. Chemovirotherapeutic combination protocols encompassing other well-known vector systems such as the adenovirotherapeutic ColoAd1, the herpesvirotherapeutic T-VEC, and the poxvirotherapeutic JX-594 are currently in Phase II testing.

Since T-VEC i) was applied intratumorally to metastatic melanoma patients, ii) expresses the immunostimulatory molecule GM-CSF, and iii) melanoma is known to be highly susceptible to immunotherapy, the success of this treatment protocol in metastatic patients likely depends on the activation and amplification of anti-cancer immunity.

Chemovirotherapeutic regimens currently tested in Phase III studies
===================================================================

While most of the chemovirotherapeutic combination regimens currently under investigation represent Phase I/II trials, only a single chemovirotherapeutic setting has recently reached Phase III status ([Table 3](#t3-ov-4-039){ref-type="table"}). This trial, designated as REO 018,[@b32-ov-4-039] was designed as a two-stage adaptive Phase III study combining carboplatin and paclitaxel with intravenous administration of reovirus (versus carboplatin, paclitaxel, and placebo in the control arm) in patients with second-line, platinum-refractory, taxane-naïve head and neck cancer. This study was found to be safe and well-tolerated.[@b32-ov-4-039] Recently, an intent-to-treat analysis of the OS of the 118 patients with locoregional disease was performed on all patients to the median progression free survival in each arm, in which 32 patients receiving post-discontinuation therapy with other agents were censored at the date on which they commenced the first of these post-discontinuation therapies.[@b4-ov-4-039] This analysis demonstrated a statistically significant improvement in OS for the test arm versus the control arm. When looking at the patients with distal metastases alone (n=47 patients), there were too few patients at the time of the analysis to power a statistical analysis of the progression free survival and OS. Final data for the entire REO 018 study are awaited. Based on this data, a randomized, follow-on Phase III registration study in patients with recurrent head and neck cancers is planned, which will take the place of the planned second stage of the originally scheduled REO 018 clinical trial.[@b4-ov-4-039]

Conclusions and future directions
=================================

Current clinical trials on chemovirotherapy are based on a plethora of encouraging results from numerous preclinical models and are obtained mostly by systematic approaches in which key features such as the order of application (virus first versus chemo first versus concomitant use of virus/chemo) have been varied and optimized. However, to directly extrapolate clinical benefit from murine data has proven to be difficult since experimental tumors often grow to a size requiring euthanasia within a few weeks and therefore experiments generally run on a tight timeline. Chemotherapy is given as single or multiple doses, with schedules that barely resemble what is used in the clinic. Furthermore, human tumor xenografts cannot easily be used in immunocompetent mice, which limits the utility of murine testing of clinically relevant chemovirotherapy combinations. Therefore, translating the preclinical knowledge to positive, practice-changing clinical trials constitutes a great challenge.

The approach of current clinical trials, to investigate a large array of tumor entities with different chemovirotherapeutic regimens, could be regarded as somewhat unsystematic in nature. As such, important details of the respective chemovirotherapeutic application settings have, to date, not been standardized. Standardization of scheduling seems to be important in order to maximize the antitumoral effects while minimizing overlapping toxicity/adverse effects. These considerations are also relevant for the standardization of application methods employed in the use of virotherapeutics (ie, directly \[intratumorally\] or systemically \[intravenously\]), for use in this specific combinatorial setting of chemovirotherapy. It has to be conceded that endless combinations and varying schedules would be too time consuming and expensive to test in the clinical setting. The challenge is, therefore, to find a balance between the isolated development of clinical chemovirotherapeutic regimens and the systematic testing, monitoring, and optimization of different schedules.

The concerns expressed earlier regarding safety and overlapping toxicity profiles of combined chemotherapeutic and virotherapeutic treatment (especially when given concomitantly) have dampened. Naturally each single combination protocol has to undergo preliminary testing in a clinical Phase I setting in which the main focus is therapy-related adverse effects, but present data from the multiplicity of tested chemovirotherapeutic protocols have been reassuring. Virotherapeutic treatment typically leads to flu-like symptoms (including fever, myalgia, asthenia and/or chills) shortly after virus injection, but the grade and duration of these symptoms remained mostly low even when patients were treated with concurrent chemotherapy. Levels of leukopenia and mucositis, adverse effects seen typically after chemotherapeutic treatment, were not significantly altered. In fact, it remains difficult to fully distinguish between chemotherapy and virotherapy induced toxicity. The fact that the mechanism of action between these two therapeutic principles differ greatly might explain why the recorded adverse effects were not significantly aggravated by the combination compared to either agent alone.

The mechanisms underlying the anti-tumoral effects of the most common virotherapeutic agents and their combination with chemotherapeutics still remain mostly unknown. Many of the variables associated with the effective combination of these two distinct modes of action might be elucidated with the right scheduling. Important questions, such as potential implications of chemotherapeutics on i) viral replication and/or ii) the immunotherapeutic effects potentially triggered by virotherapeutics, have not yet been addressed. The oncolytic paradigm, in which virus-mediated oncolysis of tumor cells results in the release of a broad spectrum of immunostimulatory molecules such as viral and tumor antigens as well as markers of aberrant cell death, clearly states the requirement of such an anti-tumor immune response to achieve a sustained therapeutic effect. While a potent anti-immune response is desperately needed in the long-term, too strong an initial response after antiviral infection might affect the capability of OVs to infect and replicate in tumor cells, constituting the premise for oncolysis and the release of cellular danger signals. Chemotherapeutics, besides their direct anti-tumor effects, are known to affect the immune system in many ways and in the context of finding an effective combination with immuno(viro)therapeutics, the importance of extending our focus to these mechanisms becomes more obvious.[@b33-ov-4-039]

Before embarking on large Phase III studies, Phase I/II chemovirotherapy trials specifically investigating the complex balance of beneficial and detrimental effects on the immune response, and on the replication of virotherapeutics, are therefore of great interest. Conversely, given that immunotherapeutic approaches can take months to be effective they are more likely to work in patients with stabilized tumor diseases. Still it is not known to what extent tumor cell death is required and should be achieved by the genotoxic chemotherapeutics in order to pave the way for the immunovirotherapeutic component to take hold in these chemovirotherapeutic approaches. Thus, questions regarding the scheduling of both therapies should be addressed more extensively in future study designs.

Given that OVs are relatively new agents, with only limited clinical applications in recent years, trials investigating this treatment modality in monotherapeutic or combinatorial settings naturally include only patients at their end-stage of disease (after all other treatment modalities were exploited but unable to achieve the desired anti-tumor effect). This situation is clearly illustrated by the summation of combinatorial treatment protocols addressing the different tumor entities in a Phase II setting, as displayed in [Table 2](#t2-ov-4-039){ref-type="table"}, but holds significance for all trials involving OVs. The immune system of end-stage cancer patients however, may be considered to be less potent and might not be the best partner in aiding oncolytic virotherapy to unfold to its full potential. Since numerous clinical trials have so far demonstrated both safety as well as tolerability of viral agents in combination with chemotherapeutics, a next step of chemovirotherapeutic development would be to address earlier tumor stages as well (ie, in the setting of first-line chemovirotherapeutic regimens).

In this context, the read-out of any anti-tumoral efficacy in complex study settings, encompassing such diverse combination partners as genotoxic chemotherapeutic compounds and virotherapeutics, has to be considered as highly challenging. Numerous patients who have undergone a chemovirotherapeutic study treatment with subsequent tumor progression (measured clinically and/or with imaging modalities) will receive further therapies with other (mostly genotoxic) agents. This problem has been illustrated in the recent REO 018 study in which patients receiving post- discontinuation therapy with other agents were censored at the date on which they commenced the first of these post-discontinuation genotoxic therapies. Similar patterns of analysis in other chemovirotherapeutic studies might be required as well, in order to obtain conclusive study results.

All in all, combining chemotherapy and virotherapy in the clinical setting is not expected to be easy, but there is value in further optimizing the known treatment parameters and attempting to achieve major progress in this highly important field of advanced cancer therapy.
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**Abbreviations:** 5 -FU, 5 -fuorouracil; CTX, chemotherapy; FOLFIRI, folinic acid (leucovorin) + 5-fuorouracil + irinotecan; FOLFOX6, folinic acid (leucovorin) + 5-fuorouracil + oxaliplatin; MAP, mitomycin C + adriamycin (doxorubicin) + cisplatin.](ov-4-039Fig1){#f1-ov-4-039}

###### 

Phase 1 clinical trials of chemovirotherapy, sorted by virus family

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Virus family                         Vector                                                        Modifications                                                                                      Tumor                       Route                   Combination         Study sites                                                                         Status (NCT/PMID reference)
  ------------------------------------ ------------------------------------------------------------- -------------------------------------------------------------------------------------------------- --------------------------- ----------------------- ------------------- ----------------------------------------------------------------------------------- ------------------------------------------------------------------------------------
  Adenovirus                           VCN-01                                                        Ad5\                                                                                               Pancreatic cancer           IT                      Gem                 Multicenter Spain                                                                   Recruiting, NCT02045589
                                                                                                     E1A(−)                                                                                                                                                                                                                                                         

                                       PH20 hyaluronidase[+](#tfn2a-ov-4-039){ref-type="table-fn"}   Diverse types of cancer                                                                            IV                          Gem                     Multicenter Spain   Recruiting, NCT02045602                                                             

  DNX2401 (Δ-24-RGD-4C)                Ad5\                                                          Glioblastoma                                                                                       Intraparenchymal            TMZ                     Monocenter Spain    Recruiting, NCT01956734                                                             
                                       E1A(−)                                                                                                                                                                                                                                                                                                                       

  ColoAd 1                             Ad3/11p                                                       Ovarian cancer                                                                                     IP                          PTX                     Multicenter UK      Recruiting, NCT02028117[\*](#tfn2-ov-4-039){ref-type="table-fn"}                    

  ONYX-015(dI1520)                     E1B-55k(−)\                                                   Pancreatic cancer                                                                                  IT (EUS)                    Gem                     Multicenter US      Completed, PMID: 12576418[\*](#tfn2-ov-4-039){ref-type="table-fn"},[@b7-ov-4-039]   
                                       E3B(−)                                                                                                                                                                                                                                                                                                                       

                                                                                                     GI tumors                                                                                          IA (HAI)                    5-FU + LV               Multicenter US      Completed, PMID: 11895000[@b6-ov-4-039]                                             

                                                                                                     Sarcoma                                                                                            IT                          MAP                     Monocenter US       Completed, PMID: 15647767[\*](#tfn2-ov-4-039){ref-type="table-fn"},[@b8-ov-4-039]   

  Herpes simplex virus                 NV1020                                                        ICP34.5(−)                                                                                         CRC with liver metastasis   IA (HAI)                Second-line CTX     Multicenter US                                                                      Completed, PMID: 20486770[\*](#tfn2-ov-4-039){ref-type="table-fn"},[@b16-ov-4-039]

                                                                                                     CRC with liver metastasis                                                                          IA (HAI)                    FUdR, CPT-11/OXA        Monocenter US       Completed, PMID: 19018254[@b17-ov-4-039]                                            

  Talimogene laherparepvec (OncoVEX)   GM-CSF[+](#tfn2a-ov-4-039){ref-type="table-fn"}\              Head and neck cancer                                                                               IT                          CDDP + radiation + ND   Two center UK       Completed, PMID: 20670951[\*](#tfn2-ov-4-039){ref-type="table-fn"},[@b7-ov-4-039]   
                                       ICP34.5(−)\                                                                                                                                                                                                                                                                                                                  
                                       ICP47(−)                                                                                                                                                                                                                                                                                                                     

                                       Us11 ↑                                                        Melanoma                                                                                           IT                          Ipilimumab              Multicenter US      Recruiting, NCT01740297[\*](#tfn2-ov-4-039){ref-type="table-fn"}                    

  Reovirus                             Reolysin                                                      --                                                                                                 Diverse types of cancer     IV                      CBCDA + PTX         Multicenter UK                                                                      Completed, PMID: 22316603[\*](#tfn2-ov-4-039){ref-type="table-fn"},[@b3-ov-4-039]

                                                                                                     Diverse types of cancer                                                                            IV                          Gem                     Multicenter UK      Completed, PMID: 21106728[@b34-ov-4-039]                                            

                                                                                                     Diverse types of cancer                                                                            IV                          DTX                     Multicenter UK      Completed, PMID: 20926400[@b35-ov-4-039]                                            

                                                                                                     Colorectal cancer                                                                                  IV                          FOLFIRI + Bevacizumab   Multicenter US      Recruiting, NCT01274624                                                             

  Vaccinia (Lister strain)             GLV-1h68(GL-ONC1)                                             ruc-gfp[+](#tfn2a-ov-4-039){ref-type="table-fn"}\                                                  Head and neck cancer        IV                      CDDP + radiation    Monocenter US                                                                       Recruiting, NCT01584284
                                                                                                     β-gal[+](#tfn2a-ov-4-039){ref-type="table-fn"}, β-gluc[+](#tfn2a-ov-4-039){ref-type="table-fn"}\                                                                                                                                                               
                                                                                                     F14.5L(−), HA(−)\                                                                                                                                                                                                                                              
                                                                                                     TK(−)                                                                                                                                                                                                                                                          

  Vaccinia (Wyeth strain)              JX-594 (Pexa-Vec)                                             GM-CSF[+](#tfn2a-ov-4-039){ref-type="table-fn"}, TK(−)                                             Colorectal cancer           IV                      CPT-11              Multicenter US, France, Canada                                                      Active, not recruiting, NCT01394939[\*](#tfn2-ov-4-039){ref-type="table-fn"}
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** A search for ongoing and published clinical trials was carried out on the clinical trial database <http://clinicaltrials.gov/> and <http://www.ncbi.nlm.nih.gov/pubmed/>.

Phase I studies which also include a Phase II extension component;

indication of vector-encoded marker genes and/or therapeutic transgenes.

**Abbreviations:** 5-FU, 5-fluorouracil; Ad, adenovirus; β-gal, β-galactosidase; β-gluc, β-glucuronidase; CBCDA, carboplatin; CDDP, cisplatin; CPT-11, irinotecan; CRC, colorectal cancer; CTX, chemotherapy; DTX, docetaxel; E, adenovirus early region gene; EUS, endoscopic ultrasound injection; F14.5, vaccinia virus gene; FOLFIRI, folinic acid (leucovorin) + 5-fluorouracil + irinotecan; FUdR, floxuridine; Gem, gemcitabine; GFP, green fluorescent protein; GI, gastrointestinal; GM-CSF, granulocyte macrophage colony-stimulating factor; HA, hemagglutinin; HAI, hepatic arterial infusion; IA, intra-arterial; ICP, infected cell protein; IT, intratumoral; IP, intraperitoneal; IV, intravenous; LV, leucovorin (folinic acid); MAP, mitomycin c + adriamycin (doxorubicin) + cisplatin; ND, neck dissection; NCT, National Clinical Trial number; OXA, oxaliplatin; PMID, PubMed identifier; PTX, paclitaxel; ruc-gfp, fusion gene of Renilla luciferase and GFP; TK, thymidine kinase; TMZ, temozolomide; Us 11, herpes simplex virus gene.

###### 

Phase II clinical trials of chemovirotherapy, sorted by tumor entity

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Tumor                             Stage                       Virus family                         Name                                               Modifications                                      Route                   Combination                      Study sites                                                                          Status (NCT/PMID reference)
  --------------------------------- --------------------------- ------------------------------------ -------------------------------------------------- -------------------------------------------------- ----------------------- -------------------------------- ------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------
  Diverse types of cancer           Incurable or recurrent      Adenovirus                           H101                                               E1B-55k(−)\                                        IT                      Standard CTX                     Monocenter People's\                                                                 Completed, PMID: 15534920[@b13-ov-4-039]
                                                                                                                                                        E3(−)                                                                                                       Republic of China                                                                    

  Breast cancer                     Advanced or metastatic      Reovirus                             Reolysin                                           --                                                 IV                      PTX                              Multicenter Canada                                                                   Recruiting, NCT01656538

  Colorectal cancer                 CRC with liver metastasis   HSV                                  NV1020                                             ICP34.5(−)                                         IA (HAI)                Second-line CTX                  Multicenter US                                                                       Completed, PMID: 20486770[\*](#tfn5-ov-4-039){ref-type="table-fn"},[@b16-ov-4-039]

  GI tumors with liver metastasis   Adenovirus                  ONYX-015 (dl 1520)                   E1B-55k(−)\                                        IA (HAI)                                           5-FU + LV               Multicenter US                   Completed, PMID: 12414631[@b9-ov-4-039]                                              
                                                                                                     E3B(−)                                                                                                                                                                                                                                              

  Metastatic                        Reovirus                    Reolysin                             --                                                 IV                                                 FOLFOX6 + Bevacizumab   Multicenter Canada               Recruiting, NCT01622543                                                              

  Metastatic                        Vaccinia (Wyeth strain)     JX-594 (Pexa-Vec)                    GM-CSF[+](#tfn5a-ov-4-039){ref-type="table-fn"}\   IV                                                 CPT-11                  Multicenter US, France, Canada   Active, not recruiting, NCT01394939[\*](#tfn5-ov-4-039){ref-type="table-fn"}         
                                                                                                     TK(−)                                                                                                                                                                                                                                               

  Head and neck cancer              Recurrent                   Adenovirus                           ONYX-015(dl 1520)                                  E1B-55k(−)\                                        IT                      CDDP + 5-FU                      Multicenter US, UK, Canada                                                           Completed, PMID: 10932224[@b10-ov-4-039]
                                                                                                                                                        E3B(−)                                                                                                                                                                                           

  Advanced or metastatic            HSV                         Talimogene laherparepvec (OncoVEX)   GM-CSF[+](#tfn5a-ov-4-039){ref-type="table-fn"}\   IT                                                 CDDP + radiation + ND   Two center UK                    Completed, PMID: 20670951[\*](#tfn5-ov-4-039){ref-type="table-fn"},[@b20-ov-4-039]   
                                                                                                     ICP34.5(−)\                                                                                                                                                                                                                                         
                                                                                                     ICP47(−)\                                                                                                                                                                                                                                           
                                                                                                     Us 11 ↑                                                                                                                                                                                                                                             

  Incurable or metastatic           Reovirus                    Reolysin                             --                                                 IV                                                 CBCDA + PTX             Multicenter UK                   Completed, PMID: 22316603[\*](#tfn5-ov-4-039){ref-type="table-fn"},[@b3-ov-4-039]    

  HCC                               Unresectable                Vaccinia (Wyeth strain)              JX-594 (Pexa-Vec)                                  GM-CSF[+](#tfn5a-ov-4-039){ref-type="table-fn"}\   IT + IV                 Sorafenib                        Multicenter Korea                                                                    Active, not recruiting, NCT01171651
                                                                                                                                                        TK(−)                                                                                                                                                                                            

  Lung cancer                       Recurrent or metastatic     Reovirus                             Reolysin                                           --                                                 IV                      CBCDA + PTX                      Multicenter US                                                                       Active, not recruiting, NCT00861627

  Recurrent or metastatic           Reovirus                    Reolysin                             --                                                 IV                                                 CBCDA + PTX             Multicenter US                   Active, not recruiting, NCT00998192                                                  

  Melanoma                          Metastatic                  HSV                                  Talimogene laherparepvec (OncoVEX)                 GM-CSF[+](#tfn5a-ov-4-039){ref-type="table-fn"}\   IT                      Ipilimumab                       Multicenter US                                                                       Recruiting, NCT01740297[\*](#tfn5-ov-4-039){ref-type="table-fn"}
                                                                                                                                                        ICP34.5(−)\                                                                                                                                                                                      
                                                                                                                                                        ICP47(−)\                                                                                                                                                                                        
                                                                                                                                                        Us11 ↑                                                                                                                                                                                           

  Metastatic                        Reovirus                    Reolysin                             --                                                 IV                                                 CBCDA + PTX             Monocenter US                    Completed, NCT00984464                                                               

  Pancreatic cancer                 Advanced or metastatic      Adenovirus                           ONYX-015 (dl 1520)                                 E1B-55k(−)\                                        IT (EUS)                Gem                              Multicenter US                                                                       Completed, PMID: 12576418[\*](#tfn5-ov-4-039){ref-type="table-fn"},[@b7-ov-4-039]
                                                                                                                                                        E3B(−)                                                                                                                                                                                           

  Recurrent or metastatic           Reovirus                    Reolysin                             --                                                 IV                                                 CBCDA+PTX               Multicenter US                   Active, not recruiting, NCT01280058                                                  

  Metastatic                        Reovirus                    Reolysin                             --                                                 IV                                                 Gem                     Multicenter US                   Unknown, NCT00998322                                                                 

  Reproductive tract tumors         Recurrent                   Reovirus                             Reolysin                                           --                                                 IV                      PTX                              Multicenter US                                                                       Active, not recruiting, NCT01199263

  Ovarian cancer                    Recurrent                   Adenovirus                           ColoAd 1                                           Ad3/11p                                            IP                      PTX                              Multicenter UK                                                                       Recruiting, NCT02028117[\*](#tfn5-ov-4-039){ref-type="table-fn"}

  Sarcoma                           Metastatic                  Adenovirus                           ONYX-015 (dl 1520)                                 E1B-55k(−)\                                        IT                      MAP                              Monocenter US                                                                        Completed, PMID: 15647767[\*](#tfn5-ov-4-039){ref-type="table-fn"},[@b8-ov-4-039]
                                                                                                                                                        E3B(−)                                                                                                                                                                                           
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** A search for ongoing and published clinical trials was carried out on the clinical trial database <http://clinicaltrials.gov/> and <http://www.ncbi.nlm.nih.gov/pubmed/>.

Indicated Phase II studies also contain a Phase I component;

indication of vector-encoded marker genes and/or therapeutic transgenes.

**Abbreviations:** 5-FU, 5-fluorouracil; Ad, adenovirus; CBCDA, carboplatin; CDDP, cisplatin; CRC, colorectal cancer; CPT-11, irinotecan; CTX, chemotherapy; E, adenovirus early region gene; EUS, endoscopic ultrasound injection; FOLFOX6, folinic acid (leucovorin) + 5-fluorouracil + oxaliplatin; Gem, gemcitabine; GI, gastrointestinal; GM-CSF, granulocyte macrophage colony-stimulating factor; HAI, hepatic arterial infusion; HCC, hepatocellular carcinoma; HSV, herpes simplex virus; ICP, infected cell protein; IA, intra-arterial; IP, intraperitoneal; IT, intratumoral; IV, intravenous; LV, leucovorin (folinic acid); MAP, mitomycin c + adriamycin (doxorubicin) + cisplatin; ND, neck dissection; NCT, National Clinical Trial number; PMID, PubMed identifier; PTX, paclitaxel; TK, thymidine kinase; Us 11, herpes simplex virus gene.

###### 

Current Phase III clinical trials of chemovirotherapy

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Name                 Tumor                  Patients                                                                      Combination   Route   Sequence                                             Study sites                                                                                                     Status (NCT/PMID reference)
  -------------------- ---------------------- ----------------------------------------------------------------------------- ------------- ------- ---------------------------------------------------- --------------------------------------------------------------------------------------------------------------- -----------------------------
  ReO 018 (Reolysin)   Head and neck cancer   Recurrent/metastatic platinum refractory squamous cell carcinoma\             CBCDA + PTX   IV      Day 1: PTX 3 h, CBCDA 0.5 h\                         Multicenter US, Russia, UK, Spain, Hungary, Canada, Italy, Poland, Belgium, France, Germany, Greece, Slovenia   Completed, NCT01166542
                                              Patient subgroup 1: locoregional tumors with or without metastases (n=118)\                         Days 1--5: Reolysin daily 1 h (21 days per cycle)\                                                                                                                   
                                              Patient subgroup 2: only measured distal metastases (n=47)                                          Control arm: CTX + IV placebo (no virus)                                                                                                                             

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** A search for ongoing and published clinical trials was carried out on the clinical trial database <http://clinicaltrials.gov/> and <http://www.ncbi.nlm.nih.gov/pubmed/>. Further data on the study design of the ReO 018 trial are from Oncolytics Biotech (<http://www.oncolyticsbiotech.com/english/clinical-trials/clinical-trials-news/clinical-trials-details/2013/ReO-018/>).

**Abbreviations:** CBCDA, carboplatin; CTX, chemotherapy; IV, intravenous; PTX, paclitaxel; h, hour(s); NCT, National Clinical Trial number; PMID, PubMed identifier.
